According to present concepts, urinary ammonium and titratable acid represent, quantitatively, hydrogen ions eliminated from the body by the kidney (1). Although it is known that titratable acid excretion depends upon the amount of buffer in the urine and urine pH (2), and that ammonium excretion in man and dog is determined primarily by urine pH (3-6), it is not clear whether there is any fundamental interdependence of these two moieties of acid excretion. In previous studies where both were measured (7-10), variations in urine acidity could have affected either ammonium or titratable acid excretion predominantly and could thus have obscured a significant underlying relationship between the two.
According to present concepts, urinary ammonium and titratable acid represent, quantitatively, hydrogen ions eliminated from the body by the kidney (1) . Although it is known that titratable acid excretion depends upon the amount of buffer in the urine and urine pH (2) , and that ammonium excretion in man and dog is determined primarily by urine pH (3) (4) (5) (6) , it is not clear whether there is any fundamental interdependence of these two moieties of acid excretion. In previous studies where both were measured (7) (8) (9) (10) , variations in urine acidity could have affected either ammonium or titratable acid excretion predominantly and could thus have obscured a significant underlying relationship between the two.
In the present experiments in dogs, titratable acid excretion was increased progressively by intravenous sodium phosphate loading, and the effect on ammonium excretion was studied under conditions of relatively constant urine pH. Because of evidence that ammonium excretion is limited by rate of intracellular NH3 production in acid but not in alkaline urine (4) , experiments were carried out in both urine pH ranges. In one group of animals, ammonium excretion was stimulated by prior induction of metabolic acidosis. It was found that in each of these experimental situations, ammonium excretion was entirely independent of the buffer content of the urine and the rate of titratable acid excretion. Although these observations do not allow any conclusions concerning the intimate nature of ammonium transport into the urine, they suggest that the mechanism regulating ammonium excretion in the dog may be dissociated from total hydrogen ion excretion and those factors that determine the magnitude of Na+-H+ exchange. They also support the view that the availability of hydrogen ions does not ordinarily constitute a limiting factor in the accumulation of ammonium in the urine.
METHODS
Fifteen experiments were carried out on 15 female mongrel dogs weighing between 10 and 22 kg. In 10 experiments, systemic acid-base balance was normal and the urine pH was adjusted to either an acid or a more alkaline range by infusion of sodium ferrocyanide or sodium chloride. In the other 5 experiments, ammonium excretion was augmented by inducing metabolic acidosis for 5 to 7 days prior to the acute experiment. Titratable acid excretion was increased progressively by infusion of sodium phosphate in concentrations calculated to deliver sodium at the same rate as during the preceding control periods. Anesthesia was induced by intravenous chloralose, 100 mg per kg, as a 1.5 per cent solution in 4 per cent dextrose. Additional small amounts were given as required.
Group I: Normal acid-base balance. Five animals were maintained on a salt-free diet for 7 to 10 days. After induction of anesthesia, a solution containing 30 mmoles per L of Na4Fe(CN)6 was administered at 4.5 ml per minute by means of a Bowman infusion pump. When a constant urine flow had been established, several timed urine collections were made. The solution was then replaced by one containing the following in millimoles per liter: Na2HPO4, 48; NaHPO4, 12; Na,-Fe(CN),,, 3. Fifteen to 45 minutes after starting this infusion, urine was collected for 5 additional periods.
The other 5 animals in this group were maintained on a normal diet. Sodium chloride, 135 mmoles per L, was infused and after a constant urine flow had been established, several urine specimens were collected. A sodium phosphate infusion was then begun and additional urine specimens obtained.
Group II: Chronic metabolic acidosis. Five dogs were fed 8 g of ammonium chloride daily for 5 to 7 days prior to the acute experiment. In order to assure a markedly acid urine, 0.1 N HCl in 4 per cent dextrose was administered for 30 to 60 minutes at the start of each experiment. Control urine specimens were collected during sodium ferrocyanide infusion. A solution containing 50 mmoles per L of Na.HPO, and 25 mmoles per L of NaH2PO4 (pH 7.1) was then substituted for the ferrocyanide and additional urine collections were ob-tained. Dextrose was added to each solution to adjust the final osmolarity to between 240 and 270.
Urine was collected through an indwelling catheter and the bladder emptied by manual compression at the end of each period. pH was determined on mid-point aliquots collected without exposure to air. Heparinized blood samples were collected from the femoral artery for determination of pH and CO2 content.
Urine and blood pH were determined at 370 C without exposure to air, with a Cambridge model R pH meter. Plasma CO2 content was determined manometrically by the method of Van Slyke and Neill (11). Urine ammonium was measured by the method of Folin and Bell (12) and inorganic phosphorus by that of Fiske and Subbarow (13) . Sodium and potassium were determined by flame photometry with lithium as an internal standard. Chloride was measured by titration with silver nitrate, by a potentiometric method (14) . Titratable acid was calculated from urine phosphate, urine pH and blood pH. (During phosphate loading, organic buffers contribute only a relatively small amount to total titratable acid excretion.) In this calculation, the pK'2 of phosphoric acid was taken to be 6.8 in blood and in urine when urine pH was below 6.0. It has been shown that significant deviations in pK'2 due to variations in urinary ionic strength may introduce appreciable errors in estimation of titratable acid when urine pH is above 6.0. In such urines, pK'2 was calculated from an estimated ionic strength. An arbitrary addition of 0.025 was made to the ionic strength estimate to account for organic acids, bicarbonate, calcium, and other unmeasured ions. The theoretical considerations and methods of calculation of pK'2 from ionic strength have been previously described (15) .
RESULTS
Group I. The results of one of the experiments in this group are shown in detail in Table I . During the infusion of sodium ferrocyanide, urine pH varied between 5.04 and 5.30 and ammonium excretion between 27 and 30 umoles per minute. With the subsequent administration of sodium phosphate, titratable acid excretion increased from 1 to 100JEq per minute, and urine pH rose only about 0.3 unit. In spite of the marked increase in buffer content of the urine and titratable acid excretion, ammonium excretion was essentially unaltered. Blood pH and bicarbonate were in the low-normal range and did not change appreciably during the course of the experiment.
The results of the five experiments in which aciduria was induced by ferrocyanide infusion are shown in Figure 1 as solid circles. The circle marked by an asterisk represents the average ammonium and titratable acid values for all periods during sodium ferrocyanide administration. Urine pH values were between 4.8 and 5.8 in almost all instances and in individual experiments varied by no more than 0.6 unit. It is clear that increases in titratable acid excretion up to 133 /AEq per minute had no discernible effect upon ammonium excretion. Sodium excretion remained essentially constant in three experiments, while in the other two there was a moderate fall when the ferrocyanide solution was replaced by phosphate. Blood pH and bicarbonate values were within normal limits during control periods and showed small increases during phosphate loading.
In Table II are shown the results of an experiment in which urine pH was more alkaline, owing to the administration of sodium chloride. protocol was followed are shown as triangles in Figure 1 . The average of ammonium and titratable acid values during sodium chloride administration is represented by the symbol marked with an asterisk. Urine pH values were between 5.8 and 6.8 in almost all periods and varied by no more than 0.5 unit in individual experiments. It is apparent from the figure that increases in titratable acid excretion up to 160 uEq per minute had virtually no effect upon the simultaneous excretion of ammonium. Sodium excretion rose in one experiment, fell in one, and remained essentially unchanged in the other three. As can be seen from the figure, ammonium excretion was generally higher in the animals with aciduria than in those with more alkaline urine.
Group II. In Table III is shown one of the experiments in which ammonium excretion was enhanced by prior induction of metabolic acidosis. Plasma bicarbonate was lowered further by infusion of 0.1 N HCL. During the administration of sodium ferrocyanide, urine pH varied between 5.20 and 5.87 and ammonium excretion between 71 and 76 pmoles per minute. The contribution of titratable acid to total acid excretion was small. As the result of sodium phosphate (pH 7.1) loading, titratable acid excretion rose to 183 juEq per minute, but it is apparent that this was without effect upon the concurrent excretion of ammonium. Urine pH remained within the narrow range of 5.21 to 5.48 and sodium excretion was essentially constant. Blood bicarbonate did not vary throughout the experiment, but pH rose and pCO2 fell.
The results of the five experiments in this group are shown as squares in Figure 1 . The symbol representing the average ammonium and titratable acid values during sodium ferrocyanide infusion is marked by an asterisk. Ammonium excretion was greater in this group than in Group I because of the stimulus of chronic metabolic acidosis. The wide spread in rates of ammonium excretion in the acidotic animals is not the result of differences in urine pH, since this varied by no more than 0.7 unit in individual experiments. It is, rather, related to differences in the duration of ammonium chloride ingestion. For example, the five points of lowest ammonium excretion are from the experiment in which ammonium chloride was fed for the shortest period of time. It is apparent, however, that increases in titratable acid up to 190 ,uEq per minute had no significant effect upon the rate of ammonium excretion. Sodium excretion remained essentially constant in all five experiments.
DISCUSSION
The present experimental observations demonstrate that, under conditions of relatively constant urine pH, progressive increases in titratable acid excretion can take place without having any significant effect upon the concurrent rate of ammonium excretion. This was found to be true in the presence of normal acid-base balance and also in chronic metabolic acidosis with markedly augmented rates of ammonium excretion. This dissociation of ammonium from titratable acid excretion is consistent with the view that NH3 diffuses passively into an acid tubular fluid where it is "trapped" by conversion to NH4+ (4) . The rate at which this physicochemical process proceeds depends primarily upon the pH gradient between tubule cell and lumen and should be independent of all changes in composition of the tubule fluid other than that of pH (4) . It therefore follows that the addition of large amounts of buffer to the tubular fluid and the associated acceleration of Na+-H+ exchange should not influence ammonium excretion. However, the results of these experiments are also compatible with the hypothesis that NH4+ gains access to the urine by an independent Na+-NH4+ exchange mechanism (9, 16) , and therefore do not provide critical information concerning the intimate nature of ammonium transport into the urine.
It has been demonstrated repeatedly that ammonium excretion in man and dog is inversely related to urine pH (1, 4, 5, 17) , a fact which is most readily explained by the passive diffusion theory. According to the physical laws governing such a process, ammonium excretion should increase tenfold with each unit fall in urine pH if the tubular cell membrane is freely permeable to NH3 and completely impermeable to NH4+ (4, 6) . Stated in another way, there should be a linear relationship between urine pH and ammonium excretion when the latter is plotted logarithmically, and the regression coefficient defining the rate of change of log ammonium excretion per unit fall in urine pH should be -1.0 (6). The experimentally observed relationship in man and dog is indeed linear but the calculated regression coefficient is considerably less than unity (3, 4) . In order to account for this discrepancy within the context of the diffusion hypothesis, it has been postulated that the rate of intracellular ammonia production limits ammonium excretion in acid urine and is insufficient for an equilibrium state to be achieved (4). This postulate is based on the observation that ammonium excretion varies with urine flow in the alkaline but not in the acid range of urine pH (4) . As an alternate explanation, it seems reasonable that the availability or rate of diffusion of hydrogen ions into the tubular fluid might play a significant regulatory role in ammonium excretion, particularly in acid urine, since He is necessary for the conversion of NH3 to NH4+ prior to excretion. However, the present studies show that large increases in hydrogen ion excretion can take place in both alkaline and acid urine at a time when ammonium excretion is already maximal for the urine pH. This suggests that, in experimental situations where only endogenous amounts of buffer are present, hydrogen ions are available in excess and therefore do not constitute a limiting factor in ammonium excre-tion. Indeed, the present experimental observations indicate that the process regulating ammonium excretion in the dog may be largely independent of total hydrogen ion excretion and those factors that determine the magnitude of the Na+-H+ exchange mechanism.
SUM MARY
The relationship between ammonium and titratable acid excretion has been studied in dogs under conditions of relatively constant urine pH. It was found that progressive increases in titratable acid excretion due to sodium phosphate loading had no significant effect upon ammonium excretion in either normal or chronically acidotic animals. This dissociation of ammonium from titratable acid excretion is consistent with the view that ammonia accumulates in the urine by passive diffusion, since this process depends primarily upon the pH gradient between tubular cell and lumen and should be independent of all changes in composition of the tubular fluid other than that of pH. However, an independent Na+-NH4+ exchange mechanism can also account for the present observations and, therefore, conclusions cannot be drawn from these experiments concerning the intimate nature of the tubular mechanism for ammonium excretion.
The finding that large increases in titratable acid excretion can take place without affecting urinary ammonium suggests that, in experimental situations where only endogenous amounts of buffer are present, hydrogen ions are available in excess and do not constitute a limiting factor in ammonium excretion. It appears, rather, that ammonium excretion in the dog may be largely independent of total hydrogen ion excretion and those factors that determine the magnitude of the Na+-H+ exchange mechanism.
